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WEINGART ET Al. examining high-quality studies of medication errors related to chemotherapy concluded that our ability to measure errors and injuries across the continuum of cancer care is poor at best. 5 A variety of factors account for the dearth of robust research studies in cancer patient safety, including the physiologic vulnerability of cancer patients and the expected toxicities of many cancer-directed therapies. 5 Though successful in various medical settings [6] [7] [8] [9] [10] [11] and in flagging potential diagnostic delays, 12, 13 attempts to identify treatment-related complications using socalled "trigger tools" have worked poorly in cancer care. 14 An oncology trigger tool piloted in the UK National Health Service showed poor performance characteristics, a rigorous French study examining a 22-item trigger tool for adverse drug events showed low positive predictive values (PPVs), 15, 16 and a Danish cancer center study showed disappointing interrater agreement, even with use of expert chart reviewers. 17, 18 Without a robust measurement approach to patient safety in oncology that works across the continuum of oncology care, it is difficult to advise patients and their clinicians about the likely toxicities of therapy, the risk of treatment-related errors, or the best site of care for their disease. Better measurement of adverse events (AEs) and medical errors could help medical and cancer center leaders to identify opportunities for improvement and inform programmatic priorities for policy makers. Most health-care organizations use quality metrics appropriate for general medical patients to describe the quality of oncology care, but the applicability of commonly used metrics such as infection rates and readmissions apply poorly to oncology care. Efforts to assess cancer programs based on cancer registry data are limited to a small subset of analytic cases and outdated information. Creating a more streamlined and accessible approach to patient safety measurement for oncology would develop significant social value.
To address this problem, a team of researchers, oncology practitioners, and quality measurement and patient safety experts developed a set of oncology-specific triggers using clinical data from patients at Memorial Sloan Kettering Cancer Center (MSK) undergoing an initial course of cancer-directed therapy. Trigger tools use indicators, such as antidote medications, abnormal laboratory parameters, "stat" medication orders, and changes in the level of care, to signal the presence of a medical error or iatrogenic injury. Unlike previously published studies that failed to validate oncology-specific trigger tools, [14] [15] [16] [17] [18] the MSK team identified 49 high-value oncology triggers with an overall PPV of 0.48 for AEs and 0.18 for preventable events using physician chart review as the gold standard. 4, 19, 20 We undertook the present project in order to further develop the use of oncology-specific triggers to identify treatment-related AEs. Our project had three specific aims: (a) to construct a claims-based trigger tool capturing the MSK triggers as International Classification of Diseases (ICD) and Current Procedural Terminology (CPT) codes, and (b) to examine the prevalence of trigger events among a commercial claims cohort. We hypothesized that it would be feasible to create a cancer-specific claims-based trigger tool, and that the prevalence of trigger events would vary by cancer type and metastatic status.
| METHODS

| Subjects
We selected a cohort of patients undergoing an initial course of cancer-directed therapy for breast, lung, colorectal, and prostate cancers using the OptumLabs ® Data Warehouse (OLDW). OLDW includes de-identified administrative claims and electronic health record (EHR) data on over 200 million patients, including claims for inpatient and ambulatory care for commercial and Medicare Advantage enrollees. 21 It includes limited patient demographic information drawn from enrollment records. Socioeconomic status information in OLDW, including race/ethnicity, household income, and educational attainment, are imputed variables sourced from a national supplier of consumer marketing data. Mortality status is ascertained in OLDW through multiple sources including the Social Security Death Index, inpatient discharge status, and electronic medical records. We used ICD and CPT codes to select patients with cancer diagnoses who received cancer-specific therapies including surgery, radiation therapy, or chemotherapy (infusion as well as oncolytic or hormonal therapies). Inclusion criteria included a new cancer diagnosis of breast, lung, colorectal, and prostate cancers from 1 January 2008 through 31 December 2014, with initiation of a cancer-specific surgery, radiation, or chemotherapy during that period. To ensure a new cancer diagnosis, subjects with cancer diagnoses or treatments in 2005-2007 and those with a cancer recurrence code were excluded. [22] [23] [24] We abstracted sociodemographic characteristics (including age, gender, race/ethnicity, insurance (commercial, Medicare managed care), household income, and educational attainment), cancer diagnosis, and cancer-specific therapies from the claims database, excluding cases of male breast cancers and subjects under age 18. We used a modified algorithm that excludes cancer as a comorbidity to calculate each patient's Charlson comorbidity index, 25 an algorithm developed by Whyte and colleagues to classify cancer metastatic status, 26 and the number of unplanned hospital admissions and inpatient days as an additional indicator of individuals at high-risk of harm. We abstracted the dates associated with diagnosis and treatment codes, hospitalizations, and vital status.
| Measurements
To define a set of oncology-specific triggers, we identified ICD and CPT codes corresponding to 16 of the 23 highest (≥50%) PPV triggers from the MSK developmental study ( Table 1) . Triggers included events such as neutropenic fever, abnormal serum potassium or bicarbonate, return to the operating room or interventional suite within 30 days of surgery, initiation of therapeutic anticoagulation, and nephrology consultation. We recognized some inherent ambiguity in the use of ICD codes, as certain codes denote nonspecific laboratory abnormalities (eg, 790.6).
To distinguish between complications related to a cancer-specific treatment rather than the patient's cancer or non-cancer comorbidities, we required a logical and temporal relationship between each trigger and its likely cause. We assumed that each trigger event would be temporally related to a specific exposure and that it would persist for a limited period of time. For example, neutropenic fever was associated with chemotherapy but not surgery or radiation. We assumed that neutropenic fever would follow within 30 days of chemotherapy and expect to persist for no more than 30 days.
Recognizing the diversity of therapies and therapeutic regimens, we consulted with oncology clinicians to make generic assumptions about the most common and likely relationship of triggers and exposures, as shown in the Appendix.
| Analyses
We characterized the cohort by sociodemographic and clinical characteristics and cancer-specific treatments (surgery, radiation, and/or chemotherapy), stratified by cancer type (breast, colorectal, lung, prostate) and metastatic status.
We then tabulated the number and percent of patients with each AE trigger during a 1-year period beginning with the date of the initial cancer-directed therapy. We tabulated the number and percent of patients with no trigger events, one event, and two or more events. We performed separate analyses by cancer type and metastatic status. We
T A B L E 1 Coding algorithm for selected oncology-specific triggers
Trigger
Coding algorithm* examined the prevalence of trigger events by sociodemographic and clinical characteristics, using the Chi-square and Wilcoxon rank-sum test for categorical and continuous variables, respectively. Analyses used SAS 9.4 for Windows (SAS Institute) and R 3.4.3 (The R Foundation). The study protocol was reviewed in advance by the Tufts Health Sciences Institutional Review Board (IRB) and determined to be exempt from human subjects review due to the use of a de-identified dataset.
| RESULTS
| Cohort characteristics
The study cohort included 322 887 unique subjects with breast, colorectal, lung, and prostate cancers ( Table 2 ). The mean age was 64, consistent with a commercially insured patient population. Males comprised a greater percentage of patients with colorectal and lung cancers than women. While the majority of patients were white, Asians, blacks, and Hispanics were also present. There was missing data regarding race/ethnicity, household income, and education for at least one-third of the cohort.
Overall, 27% of patients had metastatic cancer. The percent of patients with metastatic disease varied from 22% for breast cancer to 59% for lung cancer. The cancer-specific Charlson index suggested a moderate burden of comorbid non-cancer illness. Forty-three percent of patients received multimodality cancer therapy.
| Trigger prevalence
Cancer-specific trigger events were common, affecting 19% of patients over the initial 1-year course of therapy ( Table  3 ). The trigger burden varied by disease and metastatic status. Among patients with nonmetastatic disease, the prevalence of trigger events was greatest among patients with lung (33%) and colorectal (19%) cancers and least among those with prostate (6%) and breast (10%) cancers-likely a reflection of treatment types and toxicities as well as patients' underlying physiologic reserve. There was a similar, but amplified, pattern among patients with metastatic disease. There was a particularly heavy burden of trigger events among those with lung (50%) and colorectal (41%) cancers, although patients with metastatic breast (31%) and prostate (25%) cancers also experienced significant treatment-related morbidity. The most prevalent triggers were abnormal serum bicarbonate, blood transfusion, non-contrast chest CT scan following radiation therapy, hypoxemia, contact precautions, neutropenic fever, and abnormal serum potassium.
| Multiple triggers
Certain patients experienced a particularly high number of trigger events, although it is important to note that a single adverse event could give rise to multiple triggers. As shown in Table 4 , 19% of patients had at least one event. Among patients with nonmetastatic disease, 4% had one trigger event over the course of the year and 8% had two or more. Among those with metastatic disease, 10% had one trigger event and 29% had two or more. Individual patients with lung cancer had a particularly high burden of trigger events; one-quarter of patients with nonmetastatic disease and one-third of those with advanced disease experienced multiple triggers. Table 5 displays trigger prevalence by subject characteristics, stratified by cancer type. Triggers were less prevalent among young patients, men, whites, families with incomes over $150 000 per year, and patients with some college education. These differences were small but statistically significant (P < .001), perhaps reflecting certain patients' better access to care, earlier cancer detection, and lower intensity therapy.
| Risk factors associated with triggers
| DISCUSSION
In this retrospective cohort study of 322 887 patients with breast, lung, colorectal, and prostate cancer treated for an initial course of cancer-directed therapy, we found that one in five patients had a "trigger" event that indicated a likely treatment-related AE. The most common triggers included laboratory abnormalities of bicarbonate and potassium, need for blood transfusion, hypoxemia, neutropenic fever, and contact precautions. The burden of event triggers fell disproportionately on patients with lung and colorectal cancer compared to those with breast or prostate cancer, and among those with metastatic disease. The prevalence of trigger events among patients with metastatic disease was more than triple the rate among those with nonmetastatic disease (39.1% vs 12.0%), and as high as 50.2% in patients with metastatic lung cancer. Nearly three in four patients with a trigger had two or more such events.
Triggers are clinical indicators that signal the possibility of treatment-related injury, and therefore, the trigger rate needs to be adjusted by the probability that the trigger denoted an actual harm event. The general medicine literature describes PPVs of 17%-45% based on physician chart review as the gold standard. 9, 10, [27] [28] [29] [30] Since the number of trigger events may overestimate the number of actual AEs, we estimated the incidence of AEs and preventable AEs present in the cohort using PPVs calculated in the original MSK medical record review-based developmental study. Using the MSK trigger-specific PPVs, the present study found an estimated 97 521 AEs and 24 915 preventable AEs affecting 30.2% and 7.7% of cancer patients in this cohort, respectively.
Direct comparison of our findings with research on AEs in cancer care is challenging, given the use of inconsistent and disparate research methods. Comparison with toxicity rates in 
Note:
Values shown in the table are prevalence rates and the number of patients with a trigger within an exposure window divided by the number exposed in parentheses.
cancer clinical trials is also problematic, as trials generally exclude low-severity "expected" toxicities. The most rigorously conducted studies reported single-institution medication error rates of 4%-7% among adult cancer patients. 2, 3 Only 1%-2% had the potential for harm, and the majority of errors among patients undergoing cancer treatment were due to non-chemotherapy medications. 5 Of those potentially harmful errors, still fewer reached the patient and resulted in a preventable injury. If our estimates are accurate, then previous studies of cancer treatment-related errors may have underestimated the rate of preventable treatment-related AEs by at least an order of magnitude.
Multiple investigators have documented a discrepancy between the number of AEs identified using trigger tools compared to alternative methods, including the use of traditional clinician-reporting tools. Trigger-assisted AE detection identifies dramatically more events than those detected using other approaches, [31] [32] [33] and automated trigger tools that are embedded in the electronic medical record may yield event rates as high as 40%. [34] [35] [36] In studying the prevalence of cancer-specific triggers, we sought to examine the association between triggers and patients' sociodemographic characteristics. We reasoned that triggers might be more common among patients from racial or ethnic minorities and among those with lower socioeconomic status and educational attainment because of limited access or obstacles to care. The data supported this hypothesis, although the between-group differences were small. While research links poor outcomes with delayed cancer diagnosis, patient safety researchers have not demonstrated a compelling link between adverse events and race or ethnicity. However, the current evidence base is sparse and inconclusive. 37 This study's strengths include its large sample size, diverse patient population, and longitudinal cohort spanning inpatient and ambulatory care. It is also subject to several limitations. OLDW includes information about commercial and Medicare Advantage patients and our findings, therefore, may not be generalizable to a Medicare Fee for Service or Medicaid cohort. The use of claims data has inherent limitations. Certain diagnostic and treatment codes lack specificity. Claims-based algorithms may fail to distinguish accurately patients with late recurrences or to characterize those with metastatic disease, problems we sought to minimize by drawing on well-validated coding algorithms. Given the burden of disease-related morbidity in cancer care, there is expected confounding of AEs related to either disease or treatment. We attempted to address this inherent challenge by linking treatment exposure to trigger events by type of exposure, timing of event relative to exposure, and duration of event. While this approach improved the likelihood that a given treatment caused a trigger event, perfect attribution of trigger to treatment would require expert chart review-a project that we hope to undertake in the future. Finally, it is important to note that triggers, though they flag a broad spectrum of events, are neither comprehensive nor exhaustive. Narrowly constructed tools that link specific treatment regimens for stage-specific cancer types may be better at detecting certain types of events, such as chemotherapy-related AEs. 38 Triggers detect a subset of all potential harms rather than the universe of AEs. 39 In conclusion, a claims-based oncology-specific trigger tool appears both feasible to construct and instructive in its results. Treatment-related triggers are common in cancer care, suggesting a significant burden of anticipated and potentially unexpected and even preventable AEs. The trigger burden falls unevenly across patients by disease, metastatic status, treatment type, and socioeconomic status, affecting exactly those patients most vulnerable to harm. Additional research is needed to assess the association of cancer triggers with key clinical outcomes such as disease-attributable and overall mortality, resource utilization, and patient-centered outcomes. Oncology-specific triggers offer the opportunity to better understand and characterize the nature and extent of AEs in cancer care, and to inform interventions that may reduce the burden of harm among patients with cancer. Assumes that multiple returns to operating room may be needed to address staged procedure or infection Abbreviation: CT, computed tomography; IR, interventional radiology; OR, operating room; XRT, radiation therapy. A P P E N D I X (Continued) 
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